This paper presents an impedance controller with adaptive stiffness and damping terms for environmental interactive system with unknown modeling error and external disturbance. The objective is to compensate the uncertainty and disturbance and form a desired close-loop impedance architecture. A disturbance observer for nonlinear system is employed to estimate the lumped uncertainty and disturbance. The stiffness and damping are adjusted by the state-variable-related negative power type parameters. Consequently, the control input is designed with the consideration of the estimation of lumped uncertainty and disturbance as well as the regulated stiffness and damping. The stability is proved and the criterion of parameter selection is pointed out. Although the state-variable-related stiffness and damping parameters will intuitively be singular, the system works without any singularity due to the independence of these parameters in stability analysis. To verify the proposed approach, a one degree of freedom mass system is adopted and numerical simulation is performed accordingly. The simulation results demonstrate the effectiveness and the superiority of the proposed control scheme for environmental interactive system with unknown modeling error and external disturbance.
I. INTRODUCTION
Robotic systems are widely adopted in industry, agriculture, and many other fields, to perform tasks or missions where exists dynamic interaction with the environments in most cases [1] - [4] . Generally, the environmental interactive system includes two parts: the robot and the environment. The objective is that the robot should be controlled properly in order to achieve the desired trajectory during the interaction with environment. Among existing control approaches, impedance control [5] attracts many attentions since it was proposed. It could be interpreted concisely as: with the impedance control input, the mass system will behave as a virtual spring-damper (may not exist in reality), with specific stiffness and damping, connected between the mass system The associate editor coordinating the review of this manuscript and approving it for publication was Heng Zhang. and the environment. The impedance control is based on the concept that the controller should be used to regulate the dynamic behavior between the motion of the environmental interactive system and the force exerted on the environment so as to achieve an objective impedance architecture, rather than considering the motion control and force control problems separately [6] . Thus, it is considered that the computedtorque-like impedance control is one of the most effective control approaches for robotic systems interacting with the environment [7] .
Over the years, impedance control received considerable attention, various impedance controllers have been developed to deal with specific challenges.
Impedance control is suited for stiff interaction with the environment, and admittance control is preferred for soft environmental interaction or operation in free space. A hybrid switching system framework between impedance control and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ admittance control was proposed in [8] to address the stability issues of the switch system with dynamic interaction in changing environment. In the cases that the parameters varying over time, the detailed stability analysis of impedance control was investigated in [9] . A state-independent stability constraint was proposed with the consideration of the stiffness and damping as well as the time derivative of the stiffness.
Over-shoots free contact force is a mandatory performance requirement in most interaction tasks such as polishing and suspension systems [10] - [13] . A force tracking impedance control scheme was proposed in [14] to compensate the uncertainty of robotic dynamics and environment location. Desired force tracking performance was achieved by alternating objective impedance functions, which was ascertained by whether the robotic manipulator is contact with the environment or not. In order to achieve robust performance, a discrete impedance control scheme was developed in [15] based on the sliding mode technique for high speed simultaneous motion and force control. The proposed control scheme was claimed also applicable to high-order systems. A hierarchical force tracking impedance controller was designed in [16] , with an internal impedance control layer and an external admittance control layer. As a result, the force overshoot was avoided and the integral of force error was minimized simultaneously. Aiming at dealing with the environmental contacts of dynamic legged robots, a model-based hydraulic impedance control scheme as well as the comprehensive implementation was reported in [17] . The analysis of the simulation and experimental results indicated the effects of hardware parameters, such as, heavier system tended to present better force tracking performances, which provides many practical meanings.
New challenges arise when the robotic system interacting with human. An experimental study on variable Cartesian impedance control was reported in [18] for physical interaction between human and robotic manipulator. With the consideration of robotic redundancy, different impedance modulation laws was evaluated to enlarge the stability region. An adaptive impedance control was proposed in [19] for powered exoskeletons in order to exhibit human behavior and performance by using biological signals. A high gain nonlinear disturbance observer enhanced adaptive neural network was proposed to approximate the unknown dead zone effects and uncertain robotic dynamics. An iterative learning impedance control method was proposed for rehabilitation robots in [20] , with the consideration of inner control loop. The experimental results showed that the iterative learning impedance architecture coincided the repeating nature for rehabilitation. An optimal tracking impedance controller was presented in [21] for potential applications in prosthetic legs with energy regeneration, The position error and the energy were both taken into account in order to build the optimal cost function. Multiple objective optimization theory was adopted to obtain optimal impedance parameters and control gains.
According to the above discussion, the stability, system uncertainties, and external disturbances are regarded as the main problems in robotic systems while interacting with the environment. Aiming at addressing these issues in general, this paper proposes a framework of impedance control with adaptive stiffness and damping. The system uncertainty and external disturbance are estimated, and the control input is calculated by the estimation of lumped uncertainty and disturbance as well as the adaptively regulated stiffness and damping terms. In short, the objective of this paper is to develop controllers for environmental interactive systems with the consideration of system uncertainty, disturbance and environmental interaction generated external force, so as to achieve fast changing surface tracking ability as well as a desired impedance architecture.
The rest of this paper is organized as follows, the general impedance control is introduced as background knowledge in Section II, and the problem is described as well. Details of the proposed approach including the lumped uncertainty and disturbance observer, the adaptive stiffness and damping, as well as the criterion of parameter selection are analyzed in Section III. Section IV provides the numerical simulation results and discussion, and the contributions are summarized in Section V.
II. BACKGROUND AND PROBLEM DESCRIPTION
Consider a simple system with a mass interacts with the environment, the motion equation of the system can be written as mẍ = u + F ext (1) wherem and x denote the generalized inertia and trajectory of the mass, u denotes the control input force, and F ext denotes the external force acting on the system. The objective of the impedance control is to achieve a desired impedance architecture of the dynamic system by regulating the control input force [8] , such that
where M d , D d , and K d are positive, and denote to desired inertia, damping, and stiffness, respectively, the tracking error e is defined by the deviation between the trajectory x and the equilibrium x 0 , that is e = x − x 0 . Combining (1) and (2) yields
Equation (3) shows the impedance control law for the simple system in ideal case where the modeling error and external disturbance are not considered. However, system uncertainty and external disturbance are always exist in practice. By considering the system uncertainty and external disturbance, the actual system model can be rewritten from the nominal system model (1) as
where m stands for the actual inertia with uncertainty, f dis stands for the unknown external disturbance. Introducing the traditional impedance control law into the actual system model by substituting (3) into (4) obtains
In order to have the same left of (2), rearranging (5) one can obtain
Let g be the lumped system uncertainty and external disturbance term, and further define
Then (6) can be concisely rewritten as
According to (8) , g = 0 corresponds to the nominal mass system model. However, the existence of uncertainty and disturbance in practice imply g = 0, which further indicates the desired impedance architecture expressed by (2) could not be achieve, and the performance of the impedance control could be degraded if the lumped system uncertainty and external disturbance not take into account during the controller design.
III. CONTROLLER DESIGN
In this section, an impedance controller considering lumped system uncertainty and external disturbance is presented. A disturbance observer is employed to estimate the lumped uncertainty and disturbance term g. To further improve the performance, the stiffness and damping terms of the desired impedance function are adaptively regulated.
According to [22] , the following assumption and lemma are introduced as below.
Assumption 1: Assume the time derivatives of the external disturbance and the system uncertainty are bounded, that is for given certain positive constants C f and C m , the following relationship holds
Lemma 1: Consider a second order system expressed bẏ
where x 1 , x 2 are the state variables, u is the input, F 1 (x 1 , x 2 ) and F 2 (x 1 , x 2 , u) are known functions, G (x 1 ) is a known and invertible matrix, d (t) denotes the uncertainty and its time derivative is bounded by certain positive constant, such as
Letd (t) be the estimate of d (t), then the estimation error d (t) = d (t) −d (t) will converge exponentially to a ball centered at the origin if the following equation guaranteeŝ
where k is a positive constant, q (t) is an intermediate variable. It could be proved that the radius of the convergent ball can be adjusted by the parameter k, i.e., if k is chosen arbitrarily large, the radius can be arbitrarily small, which means the convergent ball could be compressed arbitrarily. It should be noted that, according to the Remark 3.1 presented in [22] , the parameter k directly affects performance of the disturbance observer and there is side effect along with large k. The larger k, the faster the response of the disturbance observer, but it is with a trade-off of a larger overshoot on the disturbance estimate.
Typically, the external force can be modelled as a linear spring-damper system. Let d e and k e be the damping and stiffness of the linear spring-damper system, and let the positive direction be the same as the displacement of the mass system, then the external force can be expressed by
Theorem 1: With the consideration of the estimate of lumped system uncertainty and external disturbance, the control input can be updated based on (3) as
Consequently, substituting the control input (13) into the actual mass system model (4) results in the close-loop impedance function
whereg = g −ĝ denotes the estimation error of the lumped system uncertainty and external disturbance. According to Lemma 1, let x 1 = e, x 2 =ė, (14) can be transformed to a similar format of (10) aṡ
Then the lumped system uncertainty and external disturbance can be estimated bŷ (16) whereĝ stands for the estimate of g.
With the control input (13), the system will be uniformly ultimately bounded if the parameters are selected to satisfy VOLUME 7, 2019 the following inequalities
Consequently, the trajectory of x 1 and x 2 will converge into a ball with conservative radius 2 µ 0 with
Moreover, with the control input (13), the estimation error of the lumped system uncertainty and external disturbance will converge into a compact set as
where
Proof of Theorem 1: Consider a Lyapunov function
with V x and V g defined as
The time derivative of the Lyapunov function can be expressed bẏ
1) Consider theV x , combining (12) and (15) yieldṡ
Multiplying M d to both sides of (26) yieldṡ
In the light of Young's inequality, we obtain
Combine (27) and (28) yieldṡ
Because of x 1 x 2 = eė, then if x 1 x 2 < 0, the impedance system is naturally stable. Thus, in order to discuss the system stability, only the case that x 1 x 2 > 0 is considered.
2) Consider theV g , according to (15) and (16), we havė
Rearrange the first row of (16) obtains
According to Young's inequality and Assumption 1
Combining (29) and (33) obtainṡ
According to (17) , (18) , and (19), (34) is further deduced asV
Solving (35) obtains the trajectory of x 1 and x 2 , denoted as ν (t), such that
Thus, the system is stable and the trajectory of x 1 and x 2 converges into a vicinity ball of the origin.
Combining (33) and the definition of V g in (23) obtainṡ
According to (19) and (21), rewrite (37) aṡ
Solving the differential inequality (38) about V g obtains
Because of V g =g 2 2 and considering µ > 0, the following relationship holds
From (40) we can conclude that as t → ∞ the estimation error will converge into a ball with conservative radius r = µ, which means the impedance function will contain a minor steady state error δ satisfying
Here it completes the proof of the theorem 1. Theorem 2: With fixed stiffness and damping, the convergent time will be long if the initial position and velocity errors are large. In order to further improve the dynamic performance, an adaptive stiffness and damping impedance control law can be designed as
whereD d andK d are the adaptive damping and stiffness terms. Inspired by the fixed time convergence technique [23] , the adaptive damping and stiffness terms are designed asK
where α 1 and α 2 are positive even numbers and β 1 and β 2 are positive odd numbers with α 1 < β 1 and α 2 < β 2 . Substituting the control input (42) into the actual mass system model (4) results in the close-loop impedance function
Transforming (45) results iṅ
Then according to Lemma 1, the lumped system uncertainty and external disturbance can be estimated bŷ
The system will be uniformly ultimately bounded if the parameters are selected to satisfy the following inequalities
Proof of Theorem 2: Take the same Lyapunov function as defined in (22) and (23) into account, the derivation oḟ V g remains the same as from (30) to (33). The newV x is derived aṡ
Substituting (43) and (44) into (49) and rearranging the equation yieldṡ
Considering the fact that α 1 and α 2 are chosen as positive even numbers, and β 1 and β 2 are chosen as positive odd numbers with α 1 < β 1 and α 2 < β 2 , thus
As mentioned before, x 1 x 2 = eė, then if x 1 x 2 < 0, the impedance system is naturally stable. Thus, in order to discuss the system stability, only the case that x 1 x 2 > 0 is considered. Thus, according to (52), it is easy to obtain
With the consideration of (50), (51), and (53) one can easily obtainV
Then following a similar procedure formulated by (34) to (41), the stability of the system with control input (42) is guaranteed. Evidenced by (54), the dynamic performance of the impedance will be improved obviously.
Here it completes the proof of the theorem 2.
Remark 1: The proposed adaptive mechanism of stiffness and damping shown in (43) and (44) of Theorem 2 is state-variable-dependent. Intuitively, the adaptive stiffness and damping will be singular if eė = 0, since negative power of zeros will result in infinity. However, according to the proof of Theorem 2, the adaptive stiffness and damping are not independent terms and always appear asK d e andD dė , by substituting (43) and (44) into (42) one obtain
Because α 1 < β 1 and α 2 < β 2 , the following inequalities 1 − α 1 β 1 > 0 and 1 − α 2 β 2 > 0 hold. Thus, the proposed control input does not include any singular terms, which indicates the system will work without singularity.
IV. NUMERICAL SIMULATION
In order to verify the proposed impedance control scheme with the consideration of adaptively adjusted stiffness and damping terms as well as estimated system uncertainty and external disturbance, numerical simulation has been carried out and the results are presented in this section. The system parameters are set as: m = 1kg, d e = 1kgs −1 , and k e = 1kgs −2 . The control parameters are chosen as: k = 10, M d = 1kg, D d = 1kgs −1 , K d = 1kgs −2 , α 1 = α 2 = 2, and β 1 = β 2 = 3. The initial conditions are set as: x (0) = 0m, x (0) = 0ms −1 ,ẍ (0) = 0ms −2 , and q (0) = 0. The desired trajectory is defined by
The impedance controller proposed in [8] is considered in the simulations in contrast with the proposed impedance controllers in Theorem 1 and Theorem 2. To demonstrate the effectiveness and superiority of the proposed controllers, the simulations are performed on four cases: The simulations of the four cases are performed and the results are shown and analyzed below. In order to easily distinguish each of the trajectories in the simulation results, the desired one is depicted in solid line, the one generated by control input (3) is in dot line, the one generated by control input (13) is in dash line, and the one generated by control input (42) is in dotted line. The trajectory histories without any system uncertainty and external disturbance in Case 1 are shown in Fig. 1 . The inferior performance of the traditional impedance control is mainly caused by the arbitrarily selected control parameters. Since the duration of the desired trajectory is set as 4 seconds each piece, there is not enough time for the traditional controller to converge before the next piece start. The performance of the traditional impedance controller could be improved by selecting parameters carefully in the ideal case. Nevertheless, the purpose of the simulation is to demonstrate the effectiveness and superiority of the proposed controllers over the traditional one. From Fig. 1 we can see that even though in dealing with the same case and under the same conditions, the performance of the proposed controllers are much better than the traditional one. Moreover, from the enlarged parts in Fig. 1 , the trajectory catches up the desired one within 0.5s by using the controller proposed in Theorem 2, which is faster than the one in Theorem 1, whereas the overshoot is smaller.
System uncertainties and external disturbances caused by modeling, measurement, and other factors failed to consider are common in real systems. In order to further examine the proposed controllers, system uncertainty as well as external disturbance are taken into account the simulation gradually.
In order to investigate the effect of uncertainty as well as to test the performance of the proposed controllers under such condition, only the system uncertainty is considered in Case 2. Fig. 2 shows the generated trajectories. As we can see, the performance of the traditional impedance controller is even worse. As a comparison, the performance of the proposed controllers are much better in tracking the desired trajectory. Moreover, it can be found that the performance of the controller proposed in Theorem 2 is better than the one in Theorem 1. In addition, from the enlarged parts of Fig. 2 we can see that small overshoots occur at rapid varying of the desired trajectory by using the controller in Theorem 1. Because the generalized inertia is smaller than the one considered in the controller design, which means the controller is designed for heavier system. Thus, when the control input exert on a lighter system, overshoot appears. The disturbance induced effect is separately studied from the system uncertainty in Case 3. As shown in Fig. 3 , although the performance of the trajectory in dash is much better than the one in dot, they both affected by the external disturbance. From the enlarged parts of Fig. 3 we can see oscillations overlying on the trajectories compare to the result shown in Fig. 1 . In contrast, the performance of the controller proposed in Theorem 2 is satisfied, and almost overlapping with the desired trajectory. Since the adaptive adjusted stiffness and damping are taken into account the observer, the proposed controller in Theorem 2 is not sensitive to the external disturbance, even though the amplitude of the disturbance is relative large compare to the amplitude of the desired trajectory.
The numerical simulation result of the trajectories with the consideration of system uncertainty and external disturbance in Case 4 is shown in Fig. 4 . Without a disturbance observer, the performance of the traditional impedance controller is unsatisfied in this case. In contrast, the performance of the proposed controllers is much better than the traditional one. Although small overshoots and oscillations can be found from the enlarged parts of Fig. 4 , the fast response reveals the fact that the proposed controllers possess superiority over the traditional one. The environmental force calculated by (12) is shown in Fig. 5 , the peaks are mainly caused by the sudden change of the piecewise type desired trajectory. It can be seen that the external force induced by the proposed controller reduced faster than the one induced by the tradition controller. As stated in Remark 1, the adaptive stiffness and damping will be singular if eė = 0, since negative power of zeros will result in infinity. Consider that the adaptive stiffness and damping are not independent terms and always appears aŝ K d e andD dė , in order to investigate the adaptive stiffness and damping, Fig. 6 and Fig. 7 are showingK d e andD dė instead. As can be seen, the stiffness and damping terms are adjusted dynamically. The obvious peaks occur at the sudden change of the piecewise type desired trajectory as well. It is worth mentioning that the small overshoots and oscillations in Case 4 are mainly induced by the estimation error of the lumped uncertainty and disturbance, as shown in Fig. 8 . As we can see that the estimate is tracking the contour of the calculated value. The estimation error is caused by several reasons, including the lumped uncertainty and disturbance, parameters of the observer, the trajectory tracking error, and it is obvious that the peaks of the estimates are mainly caused by the piecewise type desired trajectory.
Nevertheless, the simulation results clearly demonstrate the effectiveness and superiority of the proposed controllers. According to Lemma 1, the estimation error will converge exponentially and the estimation accuracy of the lumped uncertainty and disturbance can be improved by increasing the parameter k. In order to compare the influence of different k values on the system, simulation for Case 4 with k set as 10, 20, 40, 100 has been done, and the results are as follows. From Fig. 9 we can see that, by increasing k, the response of the disturbance observer is faster, but the overshoot is larger. As a result, the control input has the same variation tendency as the disturbance estimate, as shown in Fig. 10 . Since the large overshoot of the disturbance observation is cancelled out by the large control input, the fast response leads to small tracking error, as depicted in Fig. 11 . According to the above discussion, a proper k value is important to the balance between system dynamic performance and control input. Fig. 12 shows the simulation results of trajectories in Case 4 with k = 40. Comparing Fig. 4 (k = 10) and Fig. 12 (k = 40) we can see, when the estimation accuracy of the lumped uncertainty and disturbance are improved, the trajectory generated by the proposed adaptive stiffness and damping impedance controller is nearly overlapped with the desired trajectory even in the enlarged parts, as shown in Fig.12 .
From all the simulation results showed above, we can see that the proposed impedance controllers can well deal with uncertainty and disturbance problems of the environmental interactive systems. Either the system uncertainty or the external disturbance exists individually, it may only induces minor effect on the performance by using the proposed controller with a disturbance observer as well as adaptively adjusted stiffness and damping. Although the lumped system uncertainty and external disturbance may cause small overshoots and oscillations in the trajectories, the problem could be easily eliminated by selecting suitable parameters.
V. CONCLUSION
An impedance controller with adaptive stiffness and damping adjusted by the negative power of tracking errors is proposed for environmental interactive systems in this work. The system uncertainty and external disturbance are lumped and estimated by a disturbance observer. The stability of the system with the proposed controller is analyzed in detail. The criterion of the parameter selection is pointed out. Numerical simulation has been performed on a one degree of freedom mass system. The simulation results indicate that the proposed impedance control scheme is effectiveness and possesses superiority over traditional impedance control. The desired trajectory tracking and the external force in environmental interactive systems are usually coupled. To emphasize on the tracking performance or the environmental force might depend on specific cases. The problem considered in this paper could be regarded as a curved surface tracking issue. The method could be applied to applications, such as material forming, automatic machining, etc., where the trajectory tracking performance is the main concern. If desired environmental force is also required, it should be considered into the impedance function as well.
